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ARTICLE
Experimental study on water evaporation from sand using
environmental chamber
Wei-Kang Song, Yu-Jun Cui, Anh Minh Tang, Wen-Qi Ding, and Thanh Danh Tran
Abstract: Large-scale evaporation experiments were conducted on bare sand using an environmental chamber. Four different
atmospheric conditions and various drying durations were imposed on the soil sample. Atmospheric parameters (air ﬂow rate,
relative humidity, and temperature) and response of the soil (volumetric water content, temperature, and soil suction) were both
monitored simultaneously. Notably, the temperature and matric suction at the soil surface were monitored using an infrared
thermometer and high-capacity tensiometer, respectively. The results show that the air and soil temperatures depend on the
evaporation process and atmospheric conditions. In addition, volumetric water content in the near-surface zone is strongly affected
by the evaporation process and changes linearly over depth. The evaporation rate is strongly dependent on the air conditions.
Key words: soil water evaporation, environmental chamber, Fontainebleau sand, soil surface suction.
Résumé : Des expériences d’évaporation a` grande échelle ont été réalisées sur du sable nu a` l’aide d’une chambre environne-
mentale. Quatre conditions atmosphériques différentes et des durées de séchage variées ont été imposées a` l’échantillon de sol.
Les paramètres atmosphériques (débit d’air, humidité relative et température) et les réponses du sol (teneur en eau volumique,
température et succion du sol) ont été mesurés simultanément. Par exemple, la température et la succionmatricielle a` la surface
du sol ont été mesurées respectivement a` l’aide d’un thermomètre a` infrarouge et d’un tensiomètre a` haute capacité. Les résultats
démontrent que les températures de l’air et du sol dépendent du processus d’évaporation et des conditions atmosphériques. De plus,
la teneur en eau volumique dans la zone près de la surface est fortement affectée par le processus d’évaporation et varie linéairement
en fonction de la profondeur. Le taux d’évaporation est très dépendant des conditions de l’air. [Traduit par la Rédaction]
Mots-clés : évaporation de l’eau du sol, chambre environnementale, sable de Fontainebleau, succion a` la surface du sol.
Introduction
Soil water evaporation at the air–soil interface is an important
water cycle and energy exchange process, which causes many
problems in various ﬁelds: soil degradation in arid areas with a
high evaporation rate (Xue and Akae 2012), soil salinization in arid
and semi-arid regions (e.g., Shimojimaa et al. 1996; Zarei et al.
2009; Xue and Akae 2012), damage of buildings and geotechnical
constructions due to water loss (Cui and Zornberg 2008; Corti
et al. 2009, 2011), etc. This shows the importance of investigating
themechanisms of soil water evaporation. On the other hand, the
study of this process has signiﬁcant practical beneﬁts in various
ﬁelds: estimating the amount of water loss in the assessment of
soil management technologies in agriculture (Qiu et al. 1998),
predicting evaporation ﬂux in design of soil cover of mine tailings
(Wilson 1990; Wilson et al. 1994, 1997; Yanful and Choo 1997),
investigating the long-term performance of moisture-retaining
soil covers (Yang and Yanful 2002; Yanful et al. 2003), designing
evapotranspirative cover systems forwaste containment andmin-
ing sites (Cui and Zornberg 2008), classifying landﬁll sites ac-
cording to climatic water balance (Blight 2009), etc. Moreover,
the investigation of soil water evaporation is also an important
issue in geotechnical engineering (Cui et al. 2010, 2013).
For bare soils, the water evaporation process is controlled by
both atmospheric conditions and soil conditions (Wilson 1990;
Wilson et al. 1994; van de Griend and Owe 1994; Qiu et al. 1998).
Regarding the atmospheric conditions, it appears that evapora-
tion rate is sensitive to wind speed at the beginning of the process
when the soil surface is wet (Kondo et al. 1992; Yamanaka et al.
1997), whereas increasing wind speed results in a reduction of
evaporation rate when the soil surface is dry (Yamanaka et al.
1997). An increase in relative humidity decreases the evaporation
rate and vice versa (Yamanaka et al. 1997) — evaporation ceases
when the vapor pressure at the soil surface becomes equal to that
of air (Yanful and Choo 1997). The evaporation rate determined
from the ﬁeld meteorological data was found higher at lower
relative humidity, higherwind speed, higher air temperature, and
stronger solar radiation (Cui et al. 2005; Cui and Zornberg 2008).
Furthermore, the ﬁeld daily evaporation rate was also found to be
dependent on the atmospheric conditions: a high net radiation
results in high latent heat ﬂux and hence high evaporation rate;
thereby, most evaporation takes place during daytime (Blight
1997; Aluwihare andWatanabe 2003). As far as soil conditions are
concerned, the evaporation rate is dependent on the soil texture
(Wilson 1990; Wythers et al. 1999), initial water content (Wang
2006), hydraulic conductivity (Wilson et al. 1994) and water reten-
tion capacity (Yanful and Choo 1997). In addition, the drainage
condition and water table level also signiﬁcantly affect the pro-
cess of evaporation (Yang and Yanful 2002).
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Basically, soil surface temperature and suction are two essential
parameters controlling soil water evaporation. However, these
two parameters have scarcely been investigated experimentally,
in particular the soil surface suction.
In the present work, a large-scale compacted Fontainebleau
sand sample (1000 mm in length, 800 mm in width, and 300 mm
in height) was subjected to four evaporation tests in an environ-
mental chamber under various controlled atmospheric condi-
tions (i.e., different values of air relative humidity, temperature,
and air-ﬂow rate) andwith a steadywater table. Air conditions and
the response of soil parameters were monitored during the tests,
including soil surface temperature and matric suction using an
infrared thermometer and high-capacity tensiometer, respectively.
The recorded data allow better understanding of the soil water
evaporationmechanisms on one hand and further theoretical and
numerical analyses on the other.
Materials
The soil studied is the Fontainebleau sand, with a speciﬁc grav-
ity of 2.64. The values of its minimum and maximum unit masses
are 1.39 and 1.75 Mg/m3, respectively. The effective grain size, D10,
is 0.14 mm and the coefﬁcient of uniformity, Cu = D60/D10 (where
D60 andD10 are theparticle sizes forwhich60%and 10%of the sample
are ﬁner than D60 and D10, respectively), is 1.6 (Delfosse-Ribay et al.
2004). The grain size distribution curve determined by sieve analysis
is shown in Fig. 1.
Testing apparatus
The evaporation tests were carried out in a large-scale environ-
mental chamber setup (see Fig. 2). This setup includes an environ-
mental chamber (i.e., an transparent acrylic tank with 800 mm
internal width, 1000 mm internal length, and 895 mm height), a
wind supply unit, an air collection unit, a water supply unit, and
a data-logging system. Upon initiation of the evaporation test, the
wind supply unit supplies an air stream with a controlled air-ﬂow
rate, temperature, and relative humidity to the chamber. The air
collection unit collects themoist air passing through the chamber
and records its temperature and relative humidity. The water sup-
ply unit can control the water level during evaporation. The data-
logging system records all the results from different sensors. It is
noted that the evaporation rate can be determined by changes in
absolute humidity and air ﬂow rate. Furthermore, various sensors
with different applications were installed at different locations of
the soil sample and the chamber. More speciﬁcally,
• ﬁve soil moisture sensors (ThetaProbe (ML2x)) for recording
changes in soil volumetric water content were buried at differ-
ent depths of the soil sample;
• six resistance temperature detectors (PT1000) for measuring
soil temperaturewere also buried inside the soil sample over its
depth;
• ﬁve thermistors monitoring air temperature were ﬁxed at dif-
ferent heights above the soil surface;
• six humidity sensors (T3111 transmitter) were also placed at
different locations of the chamber formonitoring of air relative
humidity and temperature;
• an infrared thermometer (Pyropen-D) was used to measure the
soil surface temperature;
• ﬁve high-capacity tensiometers were installed at different
depths for the sake of matric suction measurement;
• a ﬂowmeter (MAS-3120) and anemometer (Testo 435-2) were
used to measure air ﬂow rate and wind speed, respectively.
The details of the sensors used are presented in Table 1. A sketch of
the sensor arrangement is shown in Fig. 3. More details of this
environmental chamber and the sensors used can be found in
Song et al. (2013).
Testing methodology
The dry Fontainebleau sand was compacted in 50 mm thick
layers in the environmental chamber (Fig. 4a). A soil layer of
300 mm total thickness was compacted at a dry unit mass of
1.7 Mg/m3. During the compaction, various sensors were installed
in the soil: six PT1000 sensors were installed every 50 mm (i.e., 25,
75, 125, 175, 225, and 275 mm depths) and two ThetaProbe sensors
were buried at 125 and 225 mm below the soil surface. The other
three ThetaProbe sensors were buried after soil saturation in the
ﬁrst 60 mm below the soil surface (i.e., 25, 40, and 55 mm depths)
(Fig. 4b). Five thermistors were ﬁxed at different elevations (i.e.,
80, 185, 275, 380, and 465mmheights) along one inside wall of the
chamber (Fig. 4c). Three relative humidity sensors (T3111 transmit-
ter) were installed at the soil surface and at various heights (50 and
275 mm heights), allowing air relative humidity to be monitored
(Fig. 4c). An anemometerwas ﬁxed at 50mmabove the soil surface
for the measurement of wind speed. Note that the chamber cover
was sealed with silicon to ensure air-tightness. For relative humid-
ity at the inlet, outlet, and in the laboratory, three other relative
humidity sensors were ﬁxed in a plastic cell at the inlet, in the air
collection unit, and outside the chamber. The infrared thermom-
eter was ﬁxed on the cover to monitor the soil surface tempera-
ture (Fig. 4d).
Subsequent to soil compaction and sensor installation, the soil
column was saturated through the water tank connected to the
bottom of chamber. After saturation, the water level in the tank
was lowered to a level close to the bottom of the soil layer and was
kept constant during the tests. Meanwhile, four high-capacity ten-
siometers, constructed in-house, for soil matric suction measure-
ment within a range of 1.5 MPa were installed on two sides of the
wall at different depths (i.e., 25, 77, 173, and 276mmbelow the soil
surface) and one tensiometer was placed at the soil surface allow-
ing the measurement of near-surface suction. This type of tensi-
ometer is composed of a porous ceramic stone with an air-entry
value of 1.5 MPa, a specially designed strain gage glued on a dia-
phragm, and a very thin water reservoir (0.1 mm thick) between
them (Cui et al. 2008a; Muñoz-Castelblanco et al. 2012). Prior to
use, the tensiometer needs to be saturated in a saturation cell with
de-aired and distilled water under a pressure as high as 4 MPa (Cui
et al. 2008a). Meanwhile, the calibration is completed during this
saturation process. More details about this tyoe of tensiometer can
be found inCui et al. (2008a), Tanget al. (2010), andMuñoz-Castelblanco
et al. (2012).
The tests were conducted under various controlled air condi-
tions. The compressed air in the laboratory was used and its pres-
sure was controlled using a regulator. The air ﬂow was measured
by a ﬂowmeter to an accuracy of ±1.5% over a working range of
Fig. 1. Grain size distribution curve of Fontainebleau sand (data
from Delfosse-Ribay et al. 2004).
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500 L/min. It was then heated in a heating tube to a temperature
controlled by a temperature regulator. The temperature and rel-
ative humidity of this heated air were measured by a T3111 trans-
mitter before being diffused in the chamber (i.e., inlet) through an
air distributor (i.e., a perforated metal tube). After crossing the
chamber (i.e., outlet), the air was gathered and the temperature
and relative humidity were measured again. For control of the
water table, it was necessary to adjust its level regularly by adding
water into the tank.
Four soil water evaporation tests were conducted at various
constant air rates and heating tube temperatures (see Table 2).
Note that the heating tube temperature was much higher than
that in the chamber, as can be seen later from the results. Tests 1
and 2 were carried out at similar air ﬂow rates (185 L/min for test
1 and 172 L/min for test 2), but different temperatures in the heat-
ing tube (50 °C for test 1 and 200 °C for test 2). Tests 3 and 4 were
conducted at the same lower air ﬂow rate (130 L/min) and different
heating tube temperatures (50 °C for test 3 and 200 °C for test 4).
The duration of tests 3 and 4 was much longer (17.5 days for test 3
and 30 days for test 4) than the 11.5 day duration of tests 1 and 2.
Note that the dry unitmass of sand is assumed to be unchangeable
(1.7 Mg/m3) during the four evaporation tests.
Determination of the evaporation rate is based on the water
vapor balance, as follows:
(1) Ea  (86 400)Q(Ha-outlet  Ha-inlet)/(wA)
where Ea is the actual evaporation rate (mm/day); Q is the air ﬂow
rate through the chamber (L/s), Ha-outlet and Ha-inlet are the abso-
lute humidity (Mg/m3) at the outlet and inlet, respectively; w is
the density of water (Mg/m3), and A is the area of the evaporative
surface exposed in the chamber (m2).
The absolute humidity (Ha) is calculated using eq. (2):
(2) Ha  0.622ea/(1000RTa)
Fig. 2. Experimental set-up with the environmental chamber.
Table 1. Speciﬁcation of the sensors used.
Sensor Manufacturer Parameter measured Range Accuracy Position Number
High-capacity
tensiometer
ENPC Matric suction 0–1.5 MPa — Soil surface and
chamber wall
5
T3111 transmitter Elcowa Relative humidity 0%–100% ±2.5% Chamber wall, wind
supply unit, and
air collection unit
6
Temperature −30–+150 °C ±0.4 °C Chamber wall, wind
supply unit, and
air collection unit
6
ThetaProbe (ML2x) Delta-T Volumetric water
content
0%–100% ±1.0% Soil 5
PT1000 Correge Temperature 0–100 °C ±0.3 °C Soil 6
Thermistor (DO-35) Radiospare Temperature −40–+250 °C ±1.0% Chamber wall 5
Infrared thermometer
(Pyropen-D)
Calex Temperature −20–+250 °C ±1.0% Chamber cover 1
Flowmeter (MAS-3120) Kobold Air ﬂow 0–500 L/min ±1.5% full scale Wind supply unit 1
Anemometer
(Testo 435-2)
Testo Wind speed 0–20 m/s ±(0.03 m/s + 5%
measured value)
50 mm above soil
surface
1
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Fig. 3. Sketch of arrangement of the sensors.
Fig. 4. Soil compaction and sensor installation: (a) soil compaction, (b) ThetaProbe installation in the zone of 60 mm depth, (c) T3111
transmitter and thermistor installation, and (d) infrared thermometer installation.
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where ea is the vapor pressure (Pa),R is the gas constant (287.04 J/(kg·K)),
Ta is the air temperature (K), 0.622 is the ratio of the molecular
weight of water to that of dry air. The vapor pressure, ea, is deter-
mined by eq. (3)
(3) ea  esatHr/100
where esat is the saturated vapor pressure (Pa) and Hr is the air
relative humidity (%).
The saturated vapor pressure (esat) is deduced from eqs. (4) and (5)
(Brutsaert 1988)
(4) esat  (101 325) exp(13.3185tRa  1.9760tRa
2
 0.6445tRa
3
 0.1299tRa
4 )
(5) tRa  1  373.15/Ta
Note that this method was also used by Mohamed et al. (2000)
and Aluwihare and Watanabe (2003).
Results and discussion
Air flow rate
Figure 5 depicts the variations of air ﬂow rate versus elapsed time
during the four drying tests. It can be seen that some ﬂuctuation as
high as ±5 L/min exist around a constant average value in test 1
(Fig. 5a), test 2 (Fig. 5b), and test 3 (Fig. 5c). The larger ﬂuctuation in
test 4 (Fig. 5d) was due to a technical problem related to the com-
pressed air system in the laboratory. It is noted that the correspond-
ing averagewind speeds at 50mmabove the soil surface are 0.5, 0.46,
0.34, and 0.34 m/s in tests 1, 2, 3, and 4, respectively.
Air temperature
Figure 6 shows air temperatures at the inlet and outlet of the
chamber as well as in the laboratory, the inlet temperature being
the highest. When the heating tube temperature is high (i.e.,
200 °C in tests 2 and 4, see Figs. 6b and 6d), the laboratory temper-
ature is lower than the outlet one. By contrast, when the heating
tube temperature is low (i.e., 50 °C in test 1s and3, see Figs. 6a and6c),
the phenomenon is reversed.
Evolutions of air temperature at different elevations in the
chamber are presented in Fig. 7. Note that the positions with
similar air temperatures are termed as “other heights”. On the
whole, at the same heating tube temperature, the higher the air
ﬂow rate the lower the air temperature in the chamber. Indeed,
the air temperature in test 3 (17.5 to 21.5 °C, see Fig. 7c) at 130 L/min
air ﬂow rate is higher than that in test 1 (16 to 20.5 °C, see Fig. 7a)
at 185 L/min. The same trend can be observed when comparing
test 2 to test 4 (see Figs. 7b and 7d). Furthermore, at a similar air
ﬂow rate, the air temperature increases over time when the heat-
ing tube temperature is as high as 200 °C (i.e., tests 2 and 4).
However, when the heating tube temperature is as low as 50 °C
(i.e., tests 1 and 3), the air temperature declines initially, and then
goes up and down. Compared to the temperatures at inlet (see
Fig. 6), the temperatures in the chamber vary in the same fashion
(see Fig. 7), indicating that the air temperatures inside the cham-
ber are strongly inﬂuenced by the inlet temperature. It is also
observed that air temperature shows a sharp increasing trend by
the end of test 3 and in the middle of tests 2 and 4.
The inlet temperature is one of the controlled parameters in the
four tests (see Fig. 6). Its values (i.e., 22, 24, 47, and 56 °C) depend
on both the heating tube temperature and air ﬂow rate. Indeed,
when the air ﬂow rate is similar, a high heating tube temperature
produces high inlet temperature (e.g., the inlet air temperature in
test 4 is higher than in test 3).When the heating tube temperature
is ﬁxed, the inlet temperature is higher at a lower air ﬂow rate
(e.g., the inlet air temperature in test 3 is higher than in test 1). In
addition, the temperature drops from inlet to outlet. This suggests
that the soil water evaporation in the chamber is an energy-
consuming process. Inside the environmental chamber, the air
adsorbs energy from hot air, leading to an increase of its temper-
ature (see Fig. 7). As water vaporization consumes energy and cools
the surrounding medium, the temperature of air close to the soil
surface (i.e., 80mmheight) is affected and exhibits the lowest value.
Under low heating tube temperatures (see Figs. 7a and 7c), water
evaporation consumes more energy than air heating, thereby cool-
ing both air and soil. Consequently, air temperatures decrease dur-
ing the ﬁrst 0.5 and 0.7 days in tests 1 and 3, respectively (see Figs. 7a
and 7c). At high heating tube temperatures (see Figs. 7b and 7d), the
energy from hot air allows both water evaporation and air heating.
Therefore, the air temperature exhibits a gradual increase in tests 2
and 4, exceeding the laboratory temperature.
Soil temperature
Evolutions of soil temperature at different positions are presented
in Fig. 8. The positions with similar temperatures are termed as
“other depths”. Two distinct evolutions can be identiﬁed: the soil
temperatures show a gradual increase at high heating tube temper-
atures (i.e., tests 2 and 4, see Figs. 8b and 8d), while at low heating
tube temperature (i.e., tests 1 and 3, see Figs. 8a and 8c) a decrease is
observed at the beginning. In addition, soil temperatures at high air
ﬂow rates are lower than that at low air ﬂow rates when the heating
temperature is the same. Indeed, at a heating tube temperature of
50 °C the temperature values vary from 10.5 to 18 °C in test 1 at
185 L/min (see Fig. 8a) while they change within the range 13–20.5 °C
in test 3 at 130 L/min (see Fig. 8c). A similar phenomenon is observed
in tests 2 (see Fig. 8b) and 4 (see Fig. 8d), both at a 200 °C heating tube
temperature, despite theunstable imposed air ﬂow in test 4. Further-
more, the soil surface temperature is the lowest at low heating tube
temperatures (i.e., tests 1 and 3)while it is thehighest at highheating
tube temperatures (i.e., tests 2 and 4). The soil temperature at differ-
ent depths increases quickly by the end of tests 1 and 3 (see Figs. 8a
and 8c, respectively) or in themiddle of tests 2 and 4 (see Figs. 8b and
8d, respectively), especially at the soil surface. In addition, the evolu-
tion of soil temperatures follows the one of air temperatures.
The evolutions of soil temperature are also evaporation depen-
dent (see Fig. 8). Indeed, comparison with the evolutions of air
temperature (see Fig. 7) shows that the changes of soil and air
temperatures are similar (i.e., both of them decrease at the initi-
ation of evaporation, and then go up and down), suggesting that
the energy for evaporation is supplied by both air and soil at low
heating tube temperatures. At high heating tube temperatures
(i.e., tests 2 and 4), soil temperatures are elevated as air tempera-
tures because the high temperature air ﬂow providesmore energy
than required for water evaporation. Furthermore, the soil tem-
peratures decrease after the initiation of evaporation and then
increase along with the decline of evaporation rate at low heating
tube temperatures (Figs. 8a and 8c). A similar trend was observed
in the column drying test conducted by Wilson (1990) and Wilson
et al. (1994) and in the column evaporation test under controlled
air conditions performed by Yanful and Choo (1997).
Table 2. Test program.
Test
number
Air ﬂow
rate (L/min)
Temperature
in heating
tube (°C)
Test
duration
(days)
1 185 50 11.5
2 172 200 11.5
3 130 50 17.5
4 130 200 30
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Air–soil temperature profile
To further analyze the evolutions of temperature inside the
chamber, the recorded air and soil temperatures are used to es-
tablish the air–soil temperature proﬁles (Fig. 9). The highest air
temperature is observed at the elevation corresponding to the
level of air inlet (i.e., air distributor). The air temperature de-
creases from this position to the position close to the chamber
cover and it also declines from this position to the soil surface. The
temperature at the soil surface is the lowest value under low
heating tube temperatures (see Figs. 9a and 9c) while this phenome-
non is not observed in the case of high heating tube temperatures
(see Figs. 9b and 9d). On the other hand, the soil temperatures
increase progressively over depth under low heating tube temper-
atures (see Figs. 9a and 9c) while it decreases under high heating
tube temperatures (see Figs. 9b and 9d). Note that the tempera-
tures inside the soil column (i.e., below 25 mm depth) are similar
Fig. 5. Variations of air ﬂow rate: (a) test 1, (b) test 2, (c) test 3, and (d) test 4.
Fig. 6. Evolutions of air temperature at inlet and outlet of the chamber as well as in the laboratory: (a) test 1, (b) test 2, (c) test 3, and (d) test 4.
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for the four tests. Two sharp but quite opposite temperature gra-
dients are observed between the 80 mm height, soil surface, and
25 mm depth under low heating tube temperatures. By contrast,
only one temperature gradient is identiﬁed under high heating
tube temperatures. Note that the initial soil temperature distribu-
tion at the beginning of evaporation in different tests can also be
identiﬁed from the proﬁles: for test 1, the soil temperature at the
surface is 13.7 °C; it increases to 17.6 °C at 25 mm depth, and to
18.1 °C at 275 mm depth. For test 2, it decreases from 18.8 °C at the
soil surface to 18.4 °C at 275 mm depth. For test 3, it increases
Fig. 7. Evolutions of air temperature at different elevations: (a) test 1, (b) test 2, (c) test 3, and (d) test 4.
Fig. 8. Evolutions of soil temperature at different positions: (a) test 1, (b) test 2, (c) test 3, and (d) test 4.
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from 17.3 °C at the soil surface to 20.2 °C at 275 mm depth. For
test 4, it varies between 18.8 °C (at the surface) and 20.5 °C (at
275 mm depth).
The observed results can be explained as follows. At the begin-
ning of the evaporation process, the water at the soil surface
ﬁrstly evaporates and the lowest temperature appears in this lo-
cation (e.g., tests 1, 3, and 4). Further evaporation leads the soil
surface to become dry and the evaporation front progresses into a
deeper position; that is, the lowest temperature position is
deeper. During this evaporation process, the water loss increases
soil resistance to evaporation, thus decreasing the evaporation
rate. The energy consumed by evaporation also declines. As a
result, more energy is available for increasing soil and air temper-
atures. This explains the quick increase of soil and air tempera-
tures when the evaporation rate is low (e.g., in tests 2, 3, and 4) or
when the evaporation duration is long. Therefore, we can deduce
that if longer drying is allowed in test 3, the lowest temperature
will not be at the soil surface.
Air relative humidity
The changes of air relative humidity in the chamber are pre-
sented in Fig. 10. All values at various elevations decline over time.
Relative humidity at the soil surface presents the highest value
while the one at the inlet shows the lowest. Furthermore, values
at the outlet, at 50 mm, and 275 mm height are very similar. In
general, the evolution of relative humidity at various positions
except the inlet can be divided into three stages: (i) initial decrease
stage — the relative humidity decreases slowly in the ﬁrst 10 days
under low heating tube temperatures, and in the ﬁrst 6 to 8 days
under high heating tube temperatures; (ii) quick decline stage;
and (iii) stabilization stage with a quite low decrease rate. All these
three stages appear clearly in test 4 (see Fig. 10d). The ﬁrst two
stages appear in tests 2 and 3 (see Figs. 10b and 10c) while only the
ﬁrst stage appears in test 1 (see Fig. 10a). For test 1, the imposed air
relative humidity at inlet is low and keeps a constant value around
6.5% while the outlet air relative humidity decreases from 46% to
33% over time. The imposed relative humidity at the inlet is
around 1.5%, 3.5%, and lower than 1% in tests 2, 3, and 4, respec-
tively, whereas the corresponding values at the outlet vary from
33% to 12.4%, 50% to 20%, and 35% to 8%, respectively. Note that the
surface relative humidity does not correspond exactly to the sur-
face position but at 5 mm above the soil surface due to the dimen-
sions of the sensor.
The values of air relative humidity at different elevations
clearly reﬂect the evaporation process. Because of water evapora-
tion from the soil, the air relative humidity near the soil surface is
higher than at other elevations (see Fig. 10). This relative humidity
difference is sustained when water supply for evaporation is suf-
ﬁcient (e.g., from t = 0 to 9 days in test 3). Along with the evapo-
ration process, the soil surface resistance to evaporation increases
and the amount of water vapor entering the air decreases. Thus,
the relative humidity difference at different elevations decreases.
Eventually, water evaporation will cease when the soil vapor pres-
sure becomes equal to that of the surrounding air (Yanful and
Choo 1997). On the other hand, from the evolutions of relative
humidity, the effects of air temperature and air ﬂow rate on evap-
oration can also be observed: at similar air ﬂow rates, the higher
the heating tube temperature the lower the relative humidity inside
the chamber. At the sameheating tube temperature, a lower air ﬂow
rate gives rise to only a slightly higher relative humidity.
Soil volumetric water content
The changes of volumetric water content are shown in Fig. 11.
As expected, the volumetric water content in the near-surface
zone (i.e., from soil surface to 60 mm depth) ﬁrstly decreases in
all tests, followed by a decrease at 125 mm depth, while the
value at 275 mm depth remains unchanged. Taking test 1 as an
example, the volumetric water content in the soil surface zone
declines from 29.3% to 8.9% at 25 mm depth and from 31.7% to
13.8% at 55mmdepth. In a deeper zone at 125mmdepth, the value
is constant in the ﬁrst 9.5 days, and then decreases from 31.4% to
28.6% at the end of the test. However, the value at 275 mm depth
remains 34.5%. Note that the volumetric water content at a satu-
rated state is 35.6%. The evolution of volumetric water content in
the near-surface zone also follows three stages: (i) a decrease with
Fig. 9. Proﬁles of air–soil temperature: (a) test 1, (b) test 2, (c) test 3, and (d) test4.
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constant rate, (ii) a short stage with constant values, and (ii) a
second decline at a decreasing rate.
The evolutions of volumetric water content at various depths
are depicted by Fig. 12. This contour map allows visualization of
the drying advance in the soil column. On the whole, all contour
lines go into a deeper position over time except the 35% line.
Furthermore, the lower the water content the later the line appears.
For instance, in test 1, the 30% contour line is at 25 mm depth in the
beginning; its depth increases quickly and reaches 110 mm in the
ﬁrst 3.5 days. It continues to increase at a very low rate, but at t =
11 days it increases sharply and reaches 150 mm at the end of the
test. The contour line of 30% almost remains constant at
110 mm depth from t = 3.5 to 11 days, suggesting that water loss
occurs only in the zone above this depth. In terms of variation of
Fig. 10. Evolutions of air relative humidity at different positions in the chamber: (a) test 1, (b) test 2, (c) test 3, and (d) test 4.
Fig. 11. Evolutions of volumetric water content at different depths: (a) test 1, (b) test 2. (c) test 3, and (d) test 4.
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volumetric water content, it decreases from 30% to 25% in the ﬁrst
1.2 days at 25 mm depth, decreases to 20% at t = 3.2 days, to 15% at
t = 5.2 days, and to 10% at t = 10 days. At the end of the test, it
becomes lower than 10%. Similar observations can bemade for the
other tests.
The proﬁles of volumetric water content for different tests are
shown in Fig. 13. A clear water loss can be observed due to evapo-
ration. In general, a linear relationship between water content
and depth in the near-surface zone (i.e., 25, 40, and 55mmdepths)
can be observed. Moreover, this linear relationship also devel-
ops toward deeper zones. Indeed, in test 3 (see Fig. 13c) the
linear relationship exists at three positions, i.e., 25, 40, and
55 mm depths, with a slope of about 0.23%/mm. This relationship
also exists from 25 to 225mmdepth at t = 17.5 days. It is noted that
the volumetric water content distribution over depth at the be-
ginning of the four evaporation tests can also be observed: for test
1, the volumetric water contents at 25, 40, and 55 mm depths are
29.3%, 33%, and 32%, respectively. The values in the deeper zone
(below 55 mm depth) increase over depth from 32% to 35.6%. For
test 2, the values of volumetric water content increase from
25.4% at 25 mm depth to 34.4% at 225 mm depth. For test 3, the
volumetric water content values also increase from 24.8% at
25 mm depth to 34.1% at 225 mm depth. For test 4, the values
increase from 23.1% at 25 mm depth to 34% at 225 mm depth. The
volumetric water content at the soil bottom in the four tests is
close to the saturated value, 35.6%.
Basically, soil water evaporation results in a decrease of water
content. In the tests performed, the volumetric water content in
the near surface zone declines quickly at the initiation of evapo-
ration and then decreases gradually. Furthermore, the deeper
zone starts to lose water only when the evaporation lasts a long
time (see Fig. 11). This phenomenon can be explained by the evo-
lution of soil resistance to evaporation (van de Griend and Owe
1994; Wythers et al. 1999). A similar decreasing trend was ob-
served by Wythers et al. (1999) in their ﬁeld evaporation experi-
ment on loams.
The results of volumetric water content from the four tests
show that the evaporation from bare soil occurs mainly in the
near surface zone (e.g., within a depth of 55mm). This agrees with
the observation by Wythers et al. (1999). Furthermore, the evolu-
tion at deeper positions suggests that the bottom soil will become
dry if the evaporation continues and if there is no water table.
The contourmap (see Fig. 12) clearly indicates this trend. Note that
the linear relationship of soil water content in the near-surface
zone (see Fig. 13) can be used for determining the surface water
content by extrapolation.
Matric suction
The evolutions of suction over time are presented in Fig. 14 for
the four tests. It can be observed that suction increases over time
for all positions, indicating the progress of the evaporation pro-
cess. It also decreases over depth, with the value on the soil sur-
face being the highest. In test 1, only the suctions at the soil
surface (i.e., 5 mm depth), 77 mm depth, and 276 mm depth are
monitored. The soil surface suction grows in the beginning from
13 to 240 kPa at t = 8 days, and reaches the limit of the tensiometer
(1.5 MPa) 1 day later. The suctions at the other two positions are
nearly the same, and the tensiometer at 77 mm depth fails due to
cavitation after 8 days. In test 2, suction at the soil surface (i.e.,
10 mm depth) increases quickly from 14 kPa at t = 0 days to 46 kPa
at t = 8 days, and reaches the limit of the tensiometer (1.5 MPa) a
few hours later. At 77 mm depth, the suction is slightly higher
than at 173 mm depth. The lowest matric suction is found at
276 mm depth. In test 3, suctions were recorded at the same
positions as in test 1, and the data in the ﬁrst 0.7 days was not
recorded. The suction at soil surface (i.e., 10 mm depth) grows
from 5 to 22 kPa. The value at 77 mm depth is higher than at the
bottom (i.e., 276 mm depth). For test 4, the surface suction (i.e.,
10 mm depth) varies from 17 to 67 kPa during the ﬁrst 17.5 days.
The values at 20 and 25 mm depths were measured in this test
and the tensiometers reached their limits at t = 13 and 17.7 days,
respectively. The lowest suction is observed at the bottom and
the value at 173 mm depth is close to the bottom one. Note that
the suction measurement was disturbed from t = 2.1 to 2.7 days
due to some technical problems. The tensiometers at 173 and
276mmdepth did not work correctly during this test and stopped
Fig. 12. Contour map of evolutions of volumetric water content at
different times: (a) test 1, (b) test 2, (c) test 3, and (d) test 4.
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the measurement many times, thus the data are lost for the ﬁrst
1.2 days at 173mmdepth and no datawere recorded after 16.5 days
at 276 mm depth.
The proﬁles of soil suction are shown in Fig. 15. For all the tests,
a clear decrease over depth can be identiﬁed, with the largest
gradient in the surface zone. For test 1, the gradient from the soil
surface to 77 mm depth varies from 0.2 kPa/mm at the beginning
to 1.5 kPa/mm at t = 6 days. For test 2, the gradient from the soil
surface to 7 mm depth increases from 0.2 kPa/mm at the begin-
ning to 0.5 kPa/mmat t = 8 days. The gradient from the soil surface
to 77 mm depth increases from 0.05 kPa/mm at the beginning to
0.2 kPa/mm at t = 17.5 days in test 3. For test 4, the gradient from
the soil surface to 25 mm depth increases from 0.7 kPa/mm
at the beginning to 2.4 kPa/mmat t = 16 days. On the other hand, the
matric suction distribution over depth at the initiation of evapora-
tion can be identiﬁed: for test 1, the suctions decrease over depth
and their values at the soil surface (5 mm depth), 77 mm depth,
and 276 mm depth are 13, 1.7, and 1 kPa, respectively. For test 2, the
suction values at the soil surface (10 mm depth), 77, 173, and
276mm depths are 13.5, 4.6, 2.6, and 1.8 kPa, respectively. For test
Fig. 13. Proﬁles of volumetric water content: (a) test 1, (b) test 2, (c) test 3, and (d) test 4.
Fig. 14. Evolutions of matric suction at different positions: (a) test 1, (b) test 2, (c) test 3, and (d) test 4.
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3, the values at the soil surface (10 mm depth), 77, and
276 mm depths are 5.2, 1.8, and 0.6 kPa, respectively. For test 4,
the values at the soil surface (10 mm depth), 20, 25, 173, and
276 mm depths are 17.6, 9.1, 6.5, 3.8, and 0.9 kPa, respectively.
The increasing suction in the soil suggests a gradual water loss
during evaporation (see Fig. 14). The decrease of suction over
depth corresponds to the increase of volumetric water content —
the surface soil loses water quickly during evaporation resulting
in a sharp increase in suction (see Figs. 14 and 15). The increase of
suction gradient in the surface zone during evaporation (see
Fig. 15) conﬁrms that water loss at the soil surface is quicker than
in deeper zones. Note that the measurement of soil surface suc-
tion is essential in theoretical analysis of evaporation (Wilson
et al. 1997; Aydin et al. 2005). The measurements done in this
study provide useful information in this regard, but it is worth
noting that they were done slightly below the soil surface, and in
addition the suction values were limited to 1.5 MPa.
Soil water retention curve and unsaturated hydraulic
conductivity
Figure 16 presents the soil-water retention curve of Fontaineb-
leau sand obtained from the four evaporation tests with simulta-
neous measurements of suction and volumetric water content at
various depths during the drying process. In the determination,
for each level of soil suction measurement (see Fig. 14), the corre-
sponding volumetric water content was determined based on the
volumetric water content proﬁle (see Fig. 13). Figure 16 also shows
Fig. 15. Proﬁles of matric suction at different times: (a) test 1, (b) test 2, (c) test 3, and (d) test 4.
Fig. 16. Soil water retention curve obtained from the four
evaporation tests.
Fig. 17. Unsaturated hydraulic conductivity versus matric suction,
determined by the simultaneous proﬁle method.
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a best-ﬁt of the water retention curve obtained using eq. (6)
(Fredlund and Xing 1994)
(6) w  r 
s  r
lne+/anm
where w is the volumetric water content (%); r is the residual
volumetric water content (r = 4%); s is the volumetric water
content in the saturated state (s = 35.6%); e is the natural loga-
rithm base (e = 2.71828);  is the matric suction (kPa); a, n, and m
are ﬁtting parameters (a = 40, n = 1.4, and m = 15).
Figure 17 shows the unsaturated hydraulic conductivity of Fon-
tainebleau sand determined by the instantaneous proﬁle method
based on the proﬁles of volumetric water content (Fig. 13) and the
proﬁles of suction (Fig. 15). For more details about the instanta-
neous proﬁle method, refer to the work of Cui et al. (2008b) and
Wang et al. (2013). A large data scatter is observed. However, on
the whole, the unsaturated hydraulic conductivity is found to
decrease with the increase of matric suction. Note that different
symbols in Fig. 17 represents the data obtained from different
evaporation tests.
Actual evaporation rate
Based on the air temperature and relative humidity at inlet and
outlet as well as the air ﬂow rate, the actual evaporation rate can
be calculated using eq. (1). The results are shown in Fig. 18 for all
four tests. In general, the evaporation rate under low heating tube
temperatures (tests 1 and 3) is lower than under high heating tube
temperatures (tests 2 and 4). On the other hand, the evaporation
rate at high air ﬂow rate (tests 1 and 2) is higher than at low air
ﬂow rate (tests 3 and 4). In addition, for tests 2, 3, and 4, three
stages can be identiﬁed: (i) nearly constant or slightly decreasing
evaporation; (ii) a sharp decline; and (iii) stabilized or very slightly
decreasing evaporation. Note that only one stage exists for test 1.
Comparison between the variations of actual evaporation rate
and those of relative humidity (Fig. 10) shows that they are com-
patible: an initial-decrease stage for relative humidity corre-
sponds to a high evaporation rate; a quick-decline second stage for
relative humidity corresponds to an evaporation rate reduction; a
ﬁnal stabilization stage with a very low decrease rate for relative
humidity corresponds to a low-rate evaporation.
For test 1, the initial water contentwas higher than for the other
three tests, and therefore the constant evaporation stage lasted
longer. The effect of air ﬂow rate on evaporation can be also
identiﬁed: at the constant evaporation stage, the 172 L/min air
ﬂow rate in test 2 resulted in a nearly 2.2mm/day evaporation rate
while the 130 L/min air ﬂow rate in test 4 led to an evaporation rate
of 2 mm/day. The effect of air temperature appears more signiﬁ-
cant than the effect of air ﬂow rate, especially during the constant-
evaporation stage. For instance, at a similar air ﬂow rate (i.e.,
185 L/min in test 1 and 172 L/min in test 2) but different air tem-
peratures (i.e., 16 to 20.5 °C in test 1 and 24 to 29 °C in test 2), the
evaporation rate ranges from 1.5 to 2.1 mm/day in test 1 whereas it
ranges from 2.0 to 2.3 mm/day in test 2. Similar observations can
be made from tests 3 and 4: the evaporation rate in test 3 has an
average value of 1.7 mm/day while this value is 2 mm/day in test 4.
Conclusions
Four soil water evaporation tests were carried out on Fon-
tainebleau sand with a stable water table in a large-scale envi-
ronmental chamber, with varying air temperature, air ﬂow rate,
and test duration. Both air parameters (air ﬂow rate, temperature,
and relative humidity) and soil parameters (temperature, water
content, and suction) were monitored. The following conclusions
can be drawn based on the results obtained.
1. The air temperature inside the chamber is affected by both the
heating tube temperature and air ﬂow rate. The air tempera-
ture in the chamber is nearly constant when the temperature
in theheating tube is low, but increaseswhen the temperature in
the heating tube is high. Furthermore, the air temperature is also
affected by the soil water evaporation process.
Fig. 18. Evolutions of actual evaporation rate: (a) test 1, (b) test 2, (c) test 3, and (d) test 4.
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2. Soil temperature is strongly affected by the air conditions.
When the temperature in the heating tube is high, the soil
temperature is increased and the heat energy for evaporation
is solely from the hot air. By contrast, when the air temper-
ature is low, the energy for evaporation comes from both air
and soil. The evaporation process also inﬂuences the soil
temperature: when the evaporation rate is low, the energy
consumed by evaporation decreases, thus soil temperature in-
creases by heat from hot air.
3. Relative humidity in the chamber decreases during the evap-
oration progress. The relative humidity in the chamber is
lower at higher heating tube temperatures. The large increase
at the outlet of the chamber represents water evaporation
from the soil. In other words, evolution of the relative humid-
ity in the chamber is an indicator of evaporation progress.
4. Volumetric water content in the near-surface zone is strongly
affected by the evaporation process and exhibits a linear rela-
tionship with depth. The change of water content in the sur-
face zone is related to the evolution of soil resistance to
evaporation.
5. Soil suction decreases over depth and increases over time. This
is consistent with the volumetric water content changes.
6. Evaporation rate is strongly affected by the air conditions es-
pecially at the initial constant-evaporation rate stage. At higher
heating tube temperatures, the evaporation rate is higher. At
a higher air ﬂow, the evaporation rate was also found to be
higher.
The test data obtained allowed the mechanism of water evapo-
ration from bare sand to be revealed. They can be also used for the
validation of numerical models dealing with water transfer under
the effects of both soil temperature and soil suction. Most impor-
tantly, these data can be used to verify existing models for soil
water evaporation or to develop new ones. From a practical point
of view, these kinds of models are helpful in determining the soil
surface conditions (water vapor ﬂux, suction, temperature).When
these conditions are known, common numerical models for un-
saturated soils can be used to predict changes in soil temperature,
soil suction, soil water content, etc. In other words, themodels for
soil water evaporation are essential when dealing with the inter-
action between the atmosphere and soils.
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